We have presented an atmospheric correction algorithm for HJ-1 CCD imagery over Lakes Taihu and Chaohu with highly turbid waters. The Rayleigh scattering radiance (L r ) is calculated using the hyperspectral L r with a wavelength interval 1nm. The hyperspectral L r is interpolated from L r in the central wavelengths of MODIS bands, which are converted from the band response-averaged L r calculated using the Rayleigh look up tables (LUTs) in SeaDAS6.1. The scattering radiance due to aerosol (L a ) is interpolated from L a at MODIS band 869nm, which is derived from MODIS imagery using a shortwave infrared atmospheric correction scheme. The accuracy of the atmospheric correction algorithm is firstly evaluated by comparing the CCD measured remote sensing reflectance (R rs ) with MODIS measurements, which are validated by the in situ data. The CCD measured R rs is further validated by the in situ data for a total of 30 observation stations within ± 1h time window of satellite overpass and field measurements. The validation shows the mean relative errors about 0.341, 0.259, 0.293 and 0.803 at blue, green, red and near infrared bands. 
Introduction
The satellite constellation including HJ-1A and HJ-1B, launched on Sep. 6, 2008 , is designed for monitoring the environment and forecasting the disaster [1] . Two charge-coupled device(CCD) cameras (named CCD1 and CCD2) aboard each satellite, with a spatial resolution about 30m and four bands including blue, green, red, and near infrared (NIR) ones, have the potential of monitoring the color of inland waters with high spatial variation of optical properties.
Due to the complexity of water optical properties, atmospheric correction (AC) is still a challenge for the application of satellite remote sensing in monitoring the color of inland waters. The standard AC algorithm for case 1 waters [2] fails when applied to inland area, which show characteristics of case 2 waters (the definitions of case 1 and 2 waters were described by [3] ). The failure results from invalid assumption of black water at NIR bands [4, 5] . Many algorithms have been developed for the atmospheric correction of case 2 waters using data not only from ocean color sensors (such as SeaWiFS, MODIS and MERIS) but also from sensors primarily developed for monitoring land targets (such as TM). The algorithms for ocean color sensors can be classified into three categories. The first one is the iterative algorithms [6] [7] [8] [9] , where the spectral relationship is used to calculate the NIR contribution in order to use the AC algorithm based on the black water assumption. The second one is based on the assumption of low variation of aerosol [10] [11] [12] . The third one is the shortwave infrared (SWIR) scheme [13, 14] with black water assumption in SWIR wavelengths [15] . Other AC algorithms are developed by means of a multi-parameter inversion using the complete spectral information at visible to NIR bands and coupled atmospheric and oceanic radiative transfer model. The inversion is based on principle components analysis (PCA) [16] or neural networks (NN) [17] techniques. The AC algorithms for data from sensors like TM are developed using the aerosol information either provided by ocean color sensors [18, 19] or in situ data [20] to calculate the aerosol scattering radiance.
Satellite remote sensing has been used to monitor the water quality in oceanic and coastal regions [21] [22] [23] [24] [25] [26] . However, the algorithms developed for oceanic and coastal waters fail when applied to lake waters due to the complicated optical properties, which result from the combined effects of shallow water and sediment resuspension. On the other hand, the AC algorithms described above cannot be applied to CCD (CCD means both CCD1 and CCD2 aboard HJ-1A and HJ-1B) due to the difference of band specifications. An AC algorithm is in need for CCD imagery when applied to quantitatively monitor the optical properties of lake waters. It is challenged to develop the AC algorithms for CCD over lake waters, primarily due to the poorly documented optical properties of fresh waters and the optical path variation resulted from the lake altitudes. The challenge is also due to the adjacency effects and spatial resolution. The latter is addressed in this study. CCD doesn't meet the minimum requirement for the atmospheric correction with at least two NIR or SWIR bands. As a result, other data have to be used in developing the AC algorithm.
The overall aim of this paper is to develop an AC algorithm for CCD imagery over turbid lake waters. The accuracy of the algorithm is firstly evaluated by comparing with MODIS measured spectra, which are validated using in situ data. The algorithm is further validated by in situ data. Using the CCD measured R rs , the development of an algal bloom occurred in Lake Taihu is monitored. The potential application in quantifying the concentration of water's component and the limitations of the algorithm are discussed.
Data

Study area
Lake Taihu with an area about 2338km 2 (see the geographical location in Fig. 1(a) ) is the third largest freshwater lake in China. The water in the lake is polluted by nutrient-laden river runoff and algal bloom is frequently occurred, affecting the water usage of nearby residents. As a result, there is an urgent need for monitoring the water quality and understanding the biological, optical, and ecological process in the lake. Lake Chaohu well known for fishery is one of the five freshwater lakes in China, with an area about 775km 2 . The lake is semi-enclosed since a floodgate was built in the southwest exit in 1962. Water quality is deteriorating primarily due to the terrestrial inputs and also due to the decrease of self-purification resulted from the construction of the floodgate. The fish species have decreased 40% since 1980s due to the pollution [27] . The water quality monitoring is in need for promoting the fishery development and for the water usage in daily life for nearby residents.
Remotely sensed data
The imagery of CCD1 and CCD2 (see the band specifications in Table 1) , with a swath width about 360km and a quantization 8bits, is provided for free by China Center for Resources Satellite Data and Application(www.cresda.com). It should be noted that the relative spectral CCD1   1  421-556  485  2  481-628  580  3  561-779  660  4  641-996  790   CCD2   1  421-555  495  2  491-639  550  3  581-757  680  4  712-959  790   HJ-1B   CCD1   1  421-559  500  2  491-646  560  3  591-747  640  4  711-969  780   CCD2   1  421-619  480  2  501-639  570  3  581-769  680  4 711-969 790 response (RSR) (Fig. 2) is different between these four sensors. Due to the close satellite overpass time for Terra and HJ-1 (HJ-1 means both HJ-1A and HJ-1B), which is about 03:00(UTC time) over Lakes Taihu and Chaohu, MODIS aboard Terra satellite are used to provide aerosol information for the AC of CCD. It is reasonable to assume that the aerosol type and optical thickness when HJ-1 passes are the same as that for Terra. Fig. 1 and the cruises information in Table 2 ). The spectroradiometers with a bare fiber optic cable produces a 25° field of view. The R rs measurements were carried out at a viewing zenith and azimuth angles about 40° and 135°, respectively [29] , which are fit for avoiding the ship shadow and the sun glint. The R rs derivation from the measurement of the spectroradiometers is the same as that described by [24] . It is noted that the Fresnel reflectance (equivalent to 0.025 for a viewing zenith angle about 40°) was used as the sky radiance reflectance (ρ) in calculating R rs . The measured R rs (Fig. 3) shows spectral signatures of case 2 waters. The R rs is relatively low in blue wavelengths, resulted from the absorption of organic particulate and colored dissolved organic matter (CDOM) [30] . Two troughs are observed in the wavelength ranging from 600 to 700nm. The first one, around 625nm, results from secondary peak of absorption from accessory pigments such as cyanophycocyanin [31] . The second one at 675nm is related to the chlorophyll-a absorption maximum in red wavelengths [32] . The monthly mean R rs (in Mar., Apr., May, Aug., and Oct.) in Lake Taihu is also shown in Fig. 3(j) . Seasonal variation is obviously shown in Fig. 3 . The fluorescence peaks, in the wavelength range of 690-715nm, are more marked in summer, spring, and autumn than that in winter. The peaks wavelength is becoming long with the increase of chlorophyll-a concentration (Chl-a), which is higher in the phytoplankton growth season (spring-summer-autumn) [33] than in winter. It is noted that the spectra marked by ´#´ in Fig. 3(e) , are from the measurements over algal bloom-laden (j) The monthly mean spectra calculated using the in situ R rs collected over Lake Taihu. Please note that the measurements in (f) and (g) are from Lake Chaohu and the others are from Lake Taihu.
water with the concentration of total suspended matter (C TSM ) and Chl-a about 219.0 mg/l and 471.63 mg/m protocol described by [34] and the C TSM were measured by means of the weighing method described by [35] .
Atmospheric correction of CCD imagery
Scattering radiance due to air molecule (L r ) and aerosol (L a ) account for over 90% of the topof-atmosphere (TOA) radiance (L t ) received by a remote sensor in the visible wavelengths [36] . L w is less than 10%. As a result, the atmospheric correction, which removes atmospheric path radiance from L t , is a key procedure in quantitative remote sensing of water color. L t in the wavelength λ is given by Eq. (1) [2] :
L g is the direct sun glint. L f is the scattering radiance due to whitecaps. T and t are direct and diffuse transmittance at sensor viewing direction. L r can be calculated with an uncertainty within 0.1% in blue wavelengths and within 0.05% in green to NIR wavelengths [37] . For the calculation of L g , sun glint coefficient is derived using the model proposed by [38] . L g can be neglected if the coefficient is smaller than the threshold (0.0001 in this study). Otherwise, L g is calculated by means of the method presented by [39] . L f is calculated using the method developed by [40] . The scattering reflectance ρ r , ρ a , ρ g , ρ f , and ρ w are given by
where x means r, a, g, f, and w. F 0 is the instantaneous extraterrestrial solar irradiance F´ reduced by two trips through the ozone layer, i. e.,
θ v is the zenith angle of a vector from the pixel to the sensor and θ s is the sun zenith angle. τ oz is the ozone optical thickness given by
The specific absorption coefficients k oz are presented by [41] and the ozone contents U oz are from http://oceandata.sci.gsfc.nasa.gov/Ancillary/Meterological.
Rayleigh scattering
The scattering radiance due to air molecule (named Rayleigh scattering) of CCD is converted from the Rayleigh scattering radiance at MODIS bands, which are calculated using the Rayleigh lookup tables (LUTs). The dependency in λ −4 is used in the conversion [18] . The conversion factor β, from response-averaged Rayleigh optical thickness to that in the central wavelength is given by Eq. (5) 
Since the Rayleigh scattering reflectance ρ r ∝ τ r ∝ λ −4 [43] , once we get <ρ r (λ)> MOD from the Rayleigh lookup tables (LUTs) in SeaDAS6.1, ρ r (λ 0 ) can be calculated using β, from which ρ r (λ) in the wavelength ranging from 400 to 900nm can be approximated using λ −4 functions. It is noted that <ρ r (λ)> MOD is derived by multiplying Rayleigh coefficients with F 0 . The coefficients are derived from Rayleigh Stokes vector for a fourier expansion in relative azimuth. The Stokes vector is interpolated from the vector in the LUTs using wind speed, solar, and sensor zenith angle. For the wavelengths longer than 900nm, ρ r (λ) are calculated by means of the single scattering algorithm [44] . Using Eq. (8), ρ r (λ) are converted to the Rayleigh scattering radiance L r , from which L r at the bands of CCD are derived by means of band response-averaged calculation [45] .
Aerosol scattering
Using the aerosol optical thickness (τ a ) retrieved from MODIS (see the validation of τ a in Appendix A) by means of the SWIR atmospheric correction algorithm described by [46] , L a at CCD bands are calculated as follows. MODIS imagery on the same day as CCD is processed using the SWIR scheme and τ a at MODIS bands (see the specifications of MODIS bands at http://modis.gsfc.nasa.gov/about/specifications.php) are derived for the entire lake.
To minimize the effect of outliers on the mean value, a uniformity screen presented by [47] is applied to τ a for a box of 9 × 9 pixels indicated as ´E´ in the central lake in Fig. 1(b) for producing a τ , which is considered as the representative aerosol optical thickness for the entire lake. The unfiltered mean value a τ and the corresponding standard deviation (STD) are calculated. The filtered mean value a τ is derived using the data in the range of ( a τ -1. α at the band 531nm is used due to the unique value for each model in the aerosol LUTs in SeaDAS6. 1 [14] , which are composed of eight relative humidity (rh)-specific families of models, each family spanning ten fine-to-coarse mode size fractions from 0.0 to 0.95. The models have been developed for atmospheric correction based on the range of single scattering albedos and aerosol size distributions retrieved from maritime AERONET sites (see the detailed description at http://oceancolor.gsfc.nasa.gov/REPROCESSING/R2009/aerosols/). 20 models are firstly selected from the aerosol LUTs which closely bracket the rh derived from the meteorological data. The 2 models which are bracketing the MODIS retrieved Angstrom exponent are ultimately selected. Using (869) a τ , the aerosol single scattering albedo and the aerosol phase functions, the aerosol single scattering reflectance (ρ as ) at MODIS band 869nm can be derived. It is noted that the albedo and phase functions are derived by means of linear interpolation between the two models based on α. ρ as in the wavelength ranging from 400 to 900nm are interpolated from ρ as (869) by means of the spectral relationship for ρ as in the aerosol LUTs. ρ as at CCD bands are calculated from integration over the band width and are converted to ρ a using the relationship between ρ a and ρ as . All the relationships are derived by means of the linear interpolation as described above.
The flowchart for deriving L a at CCD bands is shown in Fig. 4 .
L w can be derived after subtracting L a , L r , L g , and L f from L t and R rs is calculated from Eq. (10).
where t s (λ) is the diffuse transmittance from sun to water given by [48] 
Assessment of CCD measured R rs
The accuracy of the AC algorithm developed in this study is firstly evaluated by comparing CCD measured R rs with MODIS measurements, which are validated by in situ data. CCD measured R rs is further validated using the in situ data from the observation stations within ± 1h time window of satellite overpass and field measurements. 
Comparison between CCD and MODIS measured R rs
We present the comparison between CCD and MODIS measured R rs along four transects indicated in Fig. 1 . CCD measured R rs is derived using the AC algorithm described in section 3. MODIS measured R rs is derived using the SWIR scheme detailed by [46] . It should be noted that MODIS data at the bands with spatial resolutions 500m and 1000m were remapped with 250m by means of the bilinear interpolation method for the two lakes with relatively small area. MODIS measured R rs is validated using the in situ data from the observation stations within ± 1h time window of satellite overpass and field measurements [49] . It should be noted that the in situ data was simulated by means of band response-averaged calculation) [45] using the measured hyperspectral R rs and the RSR of MODIS. MODIS measured R rs were derived by averaging a box of 3 × 3 pixels centered at the location of field measurements. The uniformity screen described in section 3.2 was applied to calculate the mean value. Figure 5 shows the validation results for a total of 43 observation stations and Table 3 shows the corresponding mean relative error (MRE) and STD. Both Fig. 5 and Table 3 show the lower accuracy of MODIS retrieved R rs in short wavelengths than in long wavelengths, probably due to the difference of the representative aerosol model with the true model. The difference results in the error of L a at all bands and the error increases with the decrease of wavelengths [4] . The lower accuracy is also possibly due to the significant degradation at blue bands. The degradation is a common occurrence as satellite instruments age in the harsh space environment. It was reported that the degradation at short wavelengths is larger than at long wavelengths for Terra MODIS [50] . It is noted from Fig. 5 the tendency of smaller MODIS measured R rs than in situ data, which is probably resulted from the small ρ (0.025 in the study) used in calculating the in situ R rs . It was reported that ρ increases from 0.026 with wind speed 0m/s to approximately 0.043 when wind speed is 15m/s under the assumption of a viewing zenith and azimuth angles about 40° and 135° and a clear-sky radiance distribution for θ s about 30° [28] . The small ρ results in the higher R rs than the true value. It is noted from [29] that the relative difference between R rs calculated using ρ equivalent to 0.022 and 0.034 Fig. 9 . The response-averaged R rs calculated using the in situ data and RSR for the bands of MODIS and CCD. is about 5% with the same observation geometry as that described above for a wind speed of 10m/s, θ s about 30° and for a case 1 water body with Chl-a of 2.0 mg/m 3 in a clear sky. The error in the in situ R rs used in the present study, resulted from ρ, is certainly smaller than that for case 1 waters due to that the effect from ρ on R rs decreases with the increase of water turbidity under the same sky condition. The R rs used for matchup comparison is collected under a cloud free sky condition, when the satellite image can be used. Figure 6 shows the comparison between CCD and MODIS measured R rs at blue, green, and red bands. The relatively large difference between Figs. 6(a) and 6(b) results from the wavelength difference, with the central wavelengths about 488 and 500nm for MODIS and CCD, respectively. The comparison is further carried out quantitatively along transects in Lakes Taihu and Chaohu (Fig. 7) . R rs at 500nm for MODIS in Figs. 7(a) and 7(b) is interpolated from R rs at MODIS bands 488 and 555nm. It is reasonable to assume a linear relationship for R rs ranging from 488 to 555 nm, as shown in Fig. 8(a) . The comparison is not carried out at the NIR band of CCD, due to the saturation of MODIS bands 748 and 869nm, which bracket the central wavelength of the NIR band and to the difficulty of interpolation in the wavelength range of 740 to 860nm as shown in Fig. 8(b) . Figure 7 shows a better consistency at red and green bands than at blue bands. The difference between CCD and MODIS measured R rs results from the difference of RSR (as shown in Fig. 2 ). The effect of the RSR difference is shown in Fig. 9 , where the R rs spectra are derived by means of bandequivalent calculation method using the RSR and in situ data. The difference in Fig. 7 is also possibly due to the spatial variation resulted from the uncertainties in geometric positioning and the temporal variation since the color of the shallow water with a mean depth about 1.9m [51] is easily affected by wind-driven resuspension. In order to evaluate the stability of the water color in Lake Taihu, the spectra were collected with 1h time interval from 0:45 to 7:45 (UTC time) on May 2, 2010 at the station located at (31.405°N, 120.034 °E). The spectra variation is shown in Fig. 10 , from which we can see that the variation may reach 30% during It is noted that CCD measured_A means that R rs is derived using τ a retrieved from Aqua MODIS and CCD measured_T means from Terra MODIS. Rayleigh corrected R rs is also included. 7 hours. Although ρ might play a role in the spectra variation, its effect on R rs is small for turbid waters as discussed above. As a result, we can make certain that the spectra variation is largely resulted from the variation of water optical properties.
Please note from Fig. 7 the larger difference near the coast than off the coast, possibly due to the adjacency effect. It was reported that the contribution from the adjacent pixels to the L t of the objective pixel increases with the increase of spatial resolution [52] . As a result, CCD measured R rs is possibly higher than MODIS measured R rs near the coast.
Comparison between CCD measured and in situ R rs
CCD imagery over Lakes Taihu and Chaohu was processed using the AC algorithm described in section 3, from which R rs at CCD bands were derived and were compared with in situ data for the observation stations within ± 1h time window of satellite overpass and field measurements [48] . The in situ data was simulated by means of band response-averaged calculation [45] using the measured hyperspectral R rs and the RSR of CCD. CCD measured R rs were derived by averaging a box of 3 × 3 pixels centered at the location of field measurements. The uniformity screen was applied to calculate the mean value. Figure 11 shows four examples of the matchup comparison between CCD measured and in situ hyperspectral R rs , along with the Rayleigh corrected R rs and the CCD measured R rs using the aerosol provided by Aqua MODIS. Figure 12 further shows the matchup comparison for a total of 30 observation stations and Table 4 provides the corresponding MRE and STD. It should be noted in Fig. 12 and Table 4 that the difference of the RSR for the four CCD sensors is neglected. The first band for these four sensors is named blue band. The second, third, and fourth ones are green, red, and NIR bands, respectively. Both Figs. 11 and 12 and Table 4 show better results at blue, green, and red bands than at NIR band. The poor performance at NIR band primarily results from the low signal-to-noise ratio which decreases with the low signal over water and also possibly due to the low quantization of 8 bits [10] . As shown in Fig. 5 , the tendency of smaller CCD measured R rs than in situ data is Fig. 12. Comparison between CCD measured and in situ R rs for the observation stations within ± 1 hour time window of satellite overpass and field measurements. The solid circles mean that R rs is retrieved using the algorithm developed in this study and the hollow circles are for R rs retrieved using the Flaash model. The solid line is 1:1 line. The number of stations (N) and the correlation coefficient(R) are also shown. R_flsh means for the Flaash model. also observed in Fig. 12 . The difference in Fig. 12 is also possibly due to: (1) the difference of τ a (869) over the box of 3 × 3 pixels centered at the location of field measurements with (869) a τ derived from MODIS data. The difference of τ a (869) results from the temporal and spatial variation. The variation of τ a (869) from 0 to 8h (UTC time) in four seasons is shown in Fig. 13 by averaging all the data in the season. For example, the mean τ a (869) at 2h in autumn is calculated by averaging all the data from 2 to 2:59h. τ a are from the measurements of sun photometer CE-318 at the site named Taihu provided by AERONET (see the geographical location in Fig. 1(b) ). The measurements are level 2.0 data, which are cloud-screened and quality-assured (http://aeronet.gsfc.nasa.gov/new_web/index.html). It is noted from Fig. 13 that τ a (869) is higher in spring-summer than that in autumn-winter, which was also observed by [53] . (2) the temporal variation of R rs as shown in Fig. 10 . The CCD measured R rs compare reasonably well with in situ data considering the turbid waters with normalized water leaving radiance at NIR band ranging from ~0.1 to over 5 mw cm −2 μm −1 sr −1 and the high temporal variation of optical properties.
The performance of the AC algorithm is further compared with the algorithm that has been established for CCD over water. The Flaash model in ENVI was used for the atmospheric correction of CCD data over waters [54, 55] . The visibility required by Flaash was derived from the Terra MODIS measured τ a (551). Following the steps described by [54, 55] , the R rs was calculated using the Flaash model and was validated by the in situ data for the observation stations within ± 1h time window of satellite overpass and field measurements. It is noted that τ a (551) is retrieved from MODIS using the AC algorithm presented by [46] . Both Fig. 12 and Tables 4 and 5 show that the algorithm developed in this study has a better performance than the Flaash model.
The effect of uncertainties in MODIS measured τ a (869) on the CCD measured R rs is assessed by comparing the R rs retrieved using (1 ± MRE τ )τ a with that using τ a when α remains unchanged. The effect of uncertainties in α on CCD measured R rs is assessed by the comparison of R rs retrieved using α and (1 ± MRE α )α when τ a (869) remains unchanged. The combining effects of uncertainties in τ a and α are assessed by comparing the R rs retrieved using (1 ± MRE α )α and (1 ± MRE τ )τ a with R rs retrieved using α and τ a . MRE τ and MRE α are the MRE values in Table 7 for τ a (869) and α, respectively. Table 6 shows the effects of uncertainties in τ a (869) and α on CCD measured R rs using data on Sep. 21, 2011 as a test image. It should be noted that the CCD measured R rs is derived by averaging the value for a box of 100 × 100 pixels indicated as ´E´ in Fig. 1(b) . CCD measured R rs at blue band is more sensitive to the uncertainties in both τ a (869) and α than at other bands, resulted from relatively large wavelength difference with 869nm since the aerosol reflectance is interpolated from ρ a (869).
Discussions and conclusion
We have presented an atmospheric correction algorithm for CCD imagery over turbid waters in Lakes Taihu and Chaohu. Using the hyperspectral Rayleigh scattering reflectance and the relative spectral response, the scattering radiance due to air molecule at CCD bands is calculated by means of the band-equivalent calculation. The hyperspectral reflectance is interpolated from ρ r in the central wavelengths of MODIS bands, which are converted from the band response-averaged ρ r calculated from Rayleigh LUTs. The aerosol model is determined using relative humidity and Ångström coefficient calculated using aerosol optical thickness at bands 531 and 869 nm, which are retrieved from MODIS data by means of the SWIR atmospheric correction scheme. The aerosol scattering radiance at CCD bands are interpolated from L a (869) calculated using the aerosol model and τ a . The R rs retrieved from CCD data using the atmospheric correction algorithm is compared with MODIS measurements, which are validated by in situ data. The CCD retrieved R rs is further validated using the in situ data for a total of 30 observation stations within ± 1h time window of satellite overpass and field measurements. The validation shows much noise at NIR band, resulted from the low signal-to-noise ratio and from the low quantization of 8 bits. CCD measured R rs compare reasonably well with in situ data considering the complexity of optical properties and can be used to monitor the water quality in Lakes Taihu and Chaohu. Only through combining with retrieval models, the atmospheric correction algorithm can be used for quantitatively monitoring the water quality such as the turbidity, C TSM , and Chl-a. Red band has been shown to work well in calculating C TSM . A robust linear relationship was established between reflectance at MODIS band 645nm (with the wavelength ranging from 620 to 670 nm) and C TSM [56, 57] . The red band was used to provide a robust and C TSMsensitive algorithm for MERIS, MODIS and SeaWiFS [58] and a C TSM retrieval model using a single red band was developed for SEVIRI (Spinning Enhanced Visible and InfraRed Imager) [59] . It is shown in Fig. 14 a robust and R rs at the red band of HJ-1A CCD1. The R rs and C TSM in Fig. 14 are collected during the cruise over Lake Taihu in Oct., 2004. Water turbidity was retrieved from R rs at MODIS band 645nm by means of a linear model [60] .
Blue bands should be avoided for retrieving Chl-a due to the strong absorption of CDOM, which is abundant in lake waters. A lot of research has been carried out for retrieving Chl-a in case 2 waters using red and NIR bands [61] . established a three-band reflectance model for assessing Chl-a in turbid productive waters. Two red bands in the range of 670-700nm and one NIR band around 750nm are used in the model. Using measured R rs and Chl-a, three bands with central wavelengths 666, 688, and 725nm were selected by means of optimization and iteration for retrieving Chl-a in Lake Taihu [62] . An improved four-band model had a better performance than the three-band model when applied to Lake Taihu [63] . The central wavelengths for the four bands are 663, 693, 705, and 740nm. Overall, at least two red bands and one NIR band are needed for the retrieval model of Chl-a in productive waters. It is noted that one red band and one NIR band are included in CCD. A linear relationship between R rs at MODIS red bands 645 and 667nm was established using in situ data [60] for producing hyperspectral data set. R rs at band 640nm was simulated using R rs at 667nm, blue, and green bands in order to apply the quasi-analytical algorithm (QAA) to SeaWiFS and MODIS data [64] . As a result, CCD data along with the models describing the relationship between reflectance at the red band of CCD and at another red band can be used to retrieve Chl-a in case 2 waters.
The AC algorithm is carried out with the assumption that the aerosol is spatially and temporally stable over the area of interest. τ a is an important parameter for affecting the accuracy of the CCD measured R rs . The effect is obviously shown in Fig. 11 that the CCD measured R rs using Terra MODIS derived τ a matches better with in situ R rs than that using Aqua MODIS, because of the closer overpass time of Terra than Aqua with HJ-1A/1B. The algorithm is also limited by τ a , which is provided by MODIS data. It should be noted that the revisit time for MODIS aboard Terra satellite over Lakes Taihu and Chaohu is one day. The revisit time for CCD aboard HJ-1 is two days. As a result, MODIS data can provide concomitant aerosol information for the atmospheric correction of CCD. It should also be noted that the CCD measured R rs for the pixels near the coast are doubted due to adjacency effect, which is high for remotely sensed data with high spatial resolution.
Although CCD is designed for monitoring the land targets, this study shows that the CCD data can be also applied to quantify the quality of case 2 waters (such as water turbidity, total suspended matter and chlorophyll-a) with proper atmospheric correction algorithm and retrieval models, providing useful information for decision makers to manage water environment and to prepare for events as algal blooms.
Appendix A. Validation of the Terra MODIS measured τ a
It should be noted that τ a retrieved from MODIS is critical to the atmospheric correction of CCD imagery. τ a at bands 531 and 869nm are used to calculate the Ångström coefficient which is used along with the relative humidity to determine the aerosol model. Using the aerosol model and τ a (869), ρ a (869) is derived, from which the reflectance at CCD bands are extrapolated. τ a (531) and τ a (869) are validated using the level 2.0 data of CE-318 measurements at the site of Taihu provided by AERONET. The validation is carried out for the data within ± 15 minutes time window of satellite overpass and field measurements. It is noted that τ a are measured by CE-318 at the bands 1640, 1020, 870, 675, 500, 440, 380, and 340nm, with the full width at half maximum about 4nm for the last two bands and about 10nm for other bands. τ a at 531 and 869nm are derived by means of the interpolation using CE-318 measurements and are used to validate MODIS measured τ a . It is shown in Fig. 15 the CE-318 measured τ a , which can be fitted using a quadratic polynomial [65] . Figure 16 (a) shows the matchup comparison between MODIS measured and in-situ τ a at bands 531 and 869nm. Figure 16(b) shows the matchup comparison of α calculated using MODIS measured and in-situ τ a . Table 7 further shows the MRE and STD for the matchup comparison. Please note from Fig. 16 the points scattered far away from the 1:1 line, which primarily results from the spatial and temporal variation between MODIS measurements and in-situ data and to the spectral difference between MODIS and CE-318 bands. The difference is also possibly due to the high noise of SWIR atmospheric correction algorithm [47] and to the problems with striping/banding for Terra MODIS data [22] .
